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Abstract 
The meninges are pivotal in protecting the brain against traumatic brain injury (TBI), an ongoing issue in 
most mainstream sports. Improved understanding of TBI biomechanics and pathophysiology is desirable 
to improve preventative measures, such as protective helmets, and advance our TBI diagnostic/prognostic 
capabilities. This study mechanically characterised the porcine meninges by performing uniaxial tensile 
testing on the dura mater (DM) tissue adjacent to the frontal, parietal, temporal, and occipital lobes of the 
cerebellum and superior sagittal sinus region of the DM. Mechanical characterisation revealed a 
significantly higher elastic modulus for the superior sagittal sinus region when compared to other regions 
in the DM. The superior sagittal sinus and parietal regions of the DM also displayed local mechanical 
anisotropy. Further, fatigue was noted in the DM following ten preconditioning cycles, which could have 
important implications in the context of repetitive TBI. To further understand differences in regional 
mechanical properties, regional variations in protein content (collagen I, collagen III, fibronectin and 
elastin) were examined by immunoblot analysis. The superior sagittal sinus was found to have 
significantly higher collagen I, elastin, and fibronectin content. The frontal region was also identified to 
have significantly higher collagen I and fibronectin content while the temporal region had increased 
elastin and fibronectin content. Regional differences in the mechanical and biochemical properties along 
with regional tissue thickness differences within the DM reveal that the tissue is a non-homogeneous 
structure. In particular, the potentially influential role of the superior sagittal sinus in TBI biomechanics 
warrants further investigation.  
Statement of Significance 
This study addresses the lack of regional mechanical analysis of the cortical meninges, particularly the 
dura mater (DM), with accompanying biochemical analysis. To mechanically characterise the stiffness of 
the DM by region, uniaxial tensile testing was carried out on the DM tissue adjacent to the frontal, 
parietal, temporal and occipital lobes along with the DM tissue associated with the superior sagittal sinus. 
To the best of the authors’ knowledge, the work presented here identifies, for the first time, the 
  
heterogeneous nature of the DM’s mechanical stiffness by region. In particular, this study identifies the 
significant difference in the stiffness of the DM tissue associated with the superior sagittal sinus when 
compared to the other DM regions. Constitutive modelling was carried out on the regional mechanical 
testing data for implementation in Finite Element models with improved biofidelity. This work also 
presents the first biochemical analysis of the collagen I and III, elastin, and fibronectin content within DM 
tissue by region, providing useful insights into the accompanying macro-scale biomechanical data.  
Keywords 
Dura mater; Cortical tissue; Biochemical characterisation; Mechanical characterisation; Traumatic brain 
injury; 
1. Introduction 
Traumatic brain injury (TBI) will surpass many diseases as a major cause of death and disability by the 
year 2020 [1]. TBI can be caused by impact or rapid rotational acceleration of the head experienced in 
vehicular or sports collisions, explosions, falls, or assaults [2]. The kinematics of TBI results in the 
application of damaging mechanical strains and stresses (shear, tensile or compressive) to cortical tissue 
and cells, which may lead to acute and chronic brain function alteration [3, 4]. There are numerous 
potential mechanisms by which TBI can damage cortical tissue; focal impacts can result in lacerations, 
contusions and cerebral haemorrhages while acceleration-mediated TBI can result in diffuse axonal injury 
or cerebral oedema [5]. Globally, an estimated 10 million people are affected annually by TBI and in 
2005 it was estimated that approximately 3.2 million people in the U.S. were living with TBI-related 
disability [6, 7]. Worryingly, TBI is a contributing factor in approximately 30% of all injury-related 
deaths in the US [8]. Repeated mild traumatic brain injury (mTBI) can lead to permanently altered brain 
function [9] and the development of neurodegenerative diseases, such as chronic traumatic 
encephalopathy [4]. The burden of mortality and morbidity that this condition imposes on society makes 
TBI a pressing public health and medical problem [1].  
  
While all members of the population are susceptible to TBI, also known as concussion, sports and 
recreation-related injuries account for approximately 10% of TBIs annually in the US [10]. Unfortunately, 
up to 50% of sports and recreation-related TBIs are thought to go unreported [11]. Therefore, there is 
renewed public awareness [4] and effort to mitigate the risk of TBI in these populations. In particular, the 
development of new regulations [12] and better protective equipment, such as improved helmet design, 
have the potential to reduce the incidence of mTBI in mainstream sports [11, 13]. The ability of existing 
helmets to protect the brain and reduce the occurrence of mTBI may not be sufficient [14-16]. When 
designing more effective protective equipment, improved knowledge of TBI kinematics is essential [17, 
18]. Therefore, understanding how TBI forces and accelerations mechanically deform the brain and 
surrounding tissue is imperative [19].   
Given the contentious nature and questionable translatability of animal injury models, there is a desire to 
improve computational modelling of TBI [20]. Finite element (FE) analysis is a numerical technique that 
can be used to estimate the stresses and strains that act on the brain as a result of concussive impacts, 
which could be useful in improving the design of protective equipment [21]. The meningeal membrane is 
a critical composite tissue that protects the central nervous system (CNS). The incorporation of this tissue 
into FE models is necessary to accurately evaluate the distribution of stresses and strains following 
impacts [19, 21]. In the past, FE analysis has treated the meninges as a homogeneous structure [17, 21] 
despite evidence suggesting mechanical heterogeneity [22]. Inaccurate modelling of this structure could 
significantly impact FE model results [21]. Similarly, with the advancement of intra-cranial surgery 
techniques, the need for dural substitutes that prevent cerebrospinal fluid leakage and allow for tissue 
regeneration following surgery has increased [23]. The clinical efficacy of these dural substitutes may be 
enhanced through improved mechanical and biochemical replication of the endogenous dural tissue;  
biochemical similarity is desirable for improved host tissue biocompatibility [22], while mechanical 
properties which mimic the endogenous tissue are required to effectively withstand in vivo loads [22, 24]. 
If efforts are to advance helmet design and improve the efficacy of dural replacement materials, an 
improved knowledge of DM tissue properties is required.  
  
There is a paucity of studies detailing the mechanical response of the cortical meningeal membrane and 
the individual layers [19, 25]. Conversely, the optic nerve dura mater, or optic nerve sheath [26], and 
spinal cord dura mater tissue [25, 27] are relatively well studied and these tissues show anisotropic and 
viscoelastic behaviours. However, the few studies that have examined the mechanical properties of 
cortical dura mater have demonstrated that this composite tissue exhibits a bulk isotropic mechanical 
response [25] with significant inter- and intra-specimen variances [28]. Despite this, it has also been 
shown that localised collagen directionality exists, which may lead to localised anisotropy or anisotropy 
at higher strains [25]. To further our understanding of this complex composite tissue, knowledge of the 
biochemical characteristics of the DM extracellular matrix (ECM) is needed. The ECM is known to be 
heterogeneous across organs but also within individual tissues [29]. This intra-tissue heterogeneity can 
impact strength, elasticity, and protective capabilities as a result of differences in the content, 
organisation, and interaction of ECM components [29]. Such biochemical heterogeneity confers unique 
biochemical and biomechanical properties to tissue [29].  
This study examined the mechanical, geometrical and biochemical properties of the DM using a 
combination of uniaxial tensile testing, digital imaging analysis, and immunoblot analysis. This 
combination of techniques revealed that the DM displays both mechanical and biochemical heterogeneity. 
The porcine DM tissue is also shown to display some local anisotropy, which may be the result of 
collagen alignment in the tissue as shown by previous structural analysis [22, 30]. For the first time, it has 
been identified that the sagittal sinus displays higher stiffness and collagen I content than other regions of 
the DM. This structure has largely been ignored in the study of DM mechanics, to date. Future analysis of 
the anisotropic regions, in particular, the sagittal sinus, may prove pivotal in improving the understanding 
of the biomechanics of TBI and its associated pathophysiological cascade. 
  
2. Materials and Methods 
2.1. Tissue source and isolation 
Fourteen pigs (7 months old, gender unknown) were sourced from local abattoirs (Rosderra Meats, 
Nenagh, Ireland and Fitzgerald’s Butchers, Ballylanders, Co. Limerick). Nine pigs were used for 
mechanical testing and the other five pigs were utilised for immunoblot analysis. Heads were dissected 
within 24 h of euthanasia. The dissection began by removing the skin and ears of the porcine head, 
exposing the underlying cortical bone (Fig. A1 of supplementary file). Circumferential saw cuts were 
made around the skull. A bevel-edged chisel was used to fracture the skull across the transverse plane 
created by the saw cuts. The fractured skull segment was lifted slowly to detach the peritoneal dura mater 
from the skull. The DM tissue was incised as transversely deep into the cranial cavity as possible for 
maximum tissue recovery. It has been noted previously in dissections of bovine and porcine tissue that 
simple excision of DM does not result in removal of the underlying arachnoid and pia mater layers [31, 
32]. Refer to the supplementary file for further details on the dissection and tissue extraction processes. 
The regions of interest were isolated from the DM. For mechanical testing, five regions were tested. Four 
of these regions were defined in relation to the lateral lobes of the cerebrum they enclosed (the temporal, 
frontal, parietal and occipital lobes) [33]. The fifth region was the tissue associated with the parietal 
segment of the sagittal sinus, a main dural venous sinus which runs through the dura mater in line with 
the fissure containing the falx. The mechanical testing samples were stored in phosphate buffer solution 
(PBS) at 4 °C prior to testing. All mechanical testing was carried out within 48 h of euthanasia.  
For immunoblot analysis, the same regions were tested in addition to frontal and occipital segments of the 
sagittal sinus. Immunoblot samples were snap frozen in liquid nitrogen and stored at -80 °C until testing.  
2.2. Mechanical Testing 
2.2.1. Measurement of tissue samples 
Perpendicular tissue samples were sectioned from each of the five regions to evaluate anisotropy, a 
measure of directionally dependent mechanical behaviour. Due to the spherical nature of the tissue, 
  
samples were identified in relation to the coronal plane (medio-lateral (ML)) and sagittal plane (rostral-
caudal (RC)), as depicted in Fig. A1 (E) and (F) of the supplementary file. Tissue strips from the parietal, 
temporal, occipital and frontal regions were matched into approximately 20 x 2 mm segments (length x 
width), while the sagittal sinus tissue was sectioned into 30 x 4 mm segments (length x width). Two 
samples were acquired for each direction, per region, per biological replicate with the exception of the 
sagittal sinus in the RC direction where only one sample was acquired, totalling nineteen samples per pig. 
The sagittal sinus sections remained in their tubular shape prior to testing to replicate the in vivo anatomy 
during tension. 
Sample cross-sectional area (CSA) was determined using noncontact photogrammetry [34] (refer to the 
supplementary file for a detailed description) as the bulk DM tissue varied in thickness. However, locally, 
tissue samples exhibited relatively constant thickness. Thus, for samples associated with the parietal, 
temporal, occipital and frontal regions, the CSA was evaluated at a lateral edge of the samples using 
noncontact photogrammetry (approximately 10 mm from the centre of the sample). This mitigated the 
error associated with evaluating the thickness and height of soft tissues using Vernier callipers and 
assuming a uniform rectangular CSA [34]. Optical methods have been employed previously to determine 
the CSA of meningeal bridging veins [35]. Similar to previous studies [28], this method does assume 
constant thickness and width throughout the sample. The sagittal sinus samples were imaged along the 
length of the specimens as large thickness variation was noted across their length during preliminary 
testing. This variation in sagittal sinus anatomy was also noted in a recent magnetic resonance imaging 
study of the venous sinus anatomy [36].  
Regional thickness analysis of the DM tissue was conducted through the use of an ImageJ plugin, BoneJ 
[37]. BoneJ is typically used to analyse trabecular thickness. However, it was found that the local 
thickness algorithm utilised by BoneJ was suitable for accurately calculating the thickness of the 
oblong/rectangular samples from the pre-test CSA images [38].   
  
2.2.2. Measurement of mechanical properties 
A dedicated device designed for the extension of biological soft tissues (CellScale, Canada) was used to 
measure the regional mechanical properties of the porcine DM [39]. The samples were equilibrated to 37 
°C in a PBS bath for a minimum of 3 min prior to testing to replicate in vivo conditions. Samples were 
placed in clamps lined with foam-backed, gritted sandpaper. Uniaxial testing was carried out in pure 
tension as the length to width ratio of the samples, when secured in the clamps, was greater than 5:1 [40]. 
A torque of 50 cN.m was applied through a single centrally positioned bolt [41]. The samples were 
subjected to a preload of 0.1 N and then preconditioned using 10 cycles of extension to a stretch ratio of 
1.05 of the sample gauge length at a displacement rate of 1% of the sample gauge length per second. 
Preliminary testing identified this displacement rate minimised the effects of viscous phenomena (i.e. 
reduced hysteresis effects) and prevented the dynamic effects that arise at higher displacement rates (i.e. 
prevented the unloading stress exceeding the corresponding loading stress) [41].  
A stretch cycle to 1.15 of the sample gauge length was employed to characterise the elastic response of 
the tissue to extension; extension stretch limits exceeding 1.15 led to sample slippage during preliminary 
testing. The absence of sample slippage was confirmed at the end of tests by monitoring sample slack in 
test images via the CellScale camera.  
An elastic modulus, a measure of stiffness of linear elastic materials, was calculated using a linear fit over 
the high stiffness, linear domain of the Cauchy stress-stretch curves of each sample [39, 42]. As this 
elastic modulus was calculated from the high stiffness region of the Cauchy stress-stretch curves, it is 
denoted as Estiff. Estiff was used to compare the five regions and identify potential tissue anisotropy. All 
linear fits of the high stiffness region had R
2
 values > 0.98 and, thus, were representative of the 
experimental data. As the DM tissue can be considered an incompressible material due to its high water 
content [28], the Cauchy stress was calculated based on the pre-test CSA measurement [43].  
  
2.2.3. Constitutive modelling 
The Yeoh hyperelastic function was used to characterise the DM tissue’s mechanical response for FE 
analysis applications [44]. DM tissue is composed primarily of water and has a negligible permeability 
and can therefore be characterised using an isochoric constitutive model [28]. The Yeoh constitutive 
model for incompressible materials is dependent only on the first strain invariant of the Cauchy Green 
deformation tensor and is thus a suitable function for characterising hyperelastic materials using uniaxial 
tensile testing [44, 45]. The Yeoh strain energy function for incompressible materials is represented by 
equation 1 [44]: 
              
 
 
   
 
Ci0 are the Yeoh strain energy coefficients and I1 represents the first strain invariant of the Cauchy Green 
deformation tensor. The first strain invariant is represented by the principal stretch ratios (λ1, λ2, λ3), as 
shown in equation 2: 
       
     
    
  
As the uniaxial tensile testing in this study was carried out in pure tension, the principal stretches are as 
shown in equation 3 [46]:  
              
 
 
   
The experimentally measured stress values for each sample were fitted to the Yeoh constitutive model 
using the lsqcurvefit data-fitting function in Matlab R2017b. The lsqcurvefit function utilises a least 
squares approach to minimise the difference between the experimental stress values and the Yeoh strain 
energy function. A lower limit of zero was placed on the C30 coefficient of the strain energy function to 
maintain stability of the parameters for use in FE analysis software. The goodness of fit of the Yeoh 




 values > 0.98 were deemed 
representative fits of the data. The averaged Yeoh coefficients can be found in Table 1. 
 
  
2.2.4. Fatigue Ratio Calculation 
The meningeal tissue is a viscoelastic, as opposed to purely elastic, material. Hence, the response of the 
tissue to a constant loading rate, although informative in the context of tissue strength, is a contentious 
measure of the tissue’s ability to withstand rapid rotation accelerations observed during impacts [21]. It 
also does not provide information regarding the ability of the tissue to recover, an important factor in the 
context of repetitive TBI. Accordingly, the dynamic response of the tissue was investigated using fatigue 
ratios. To analyse the regional fatigue behaviour of the DM tissue, the max Cauchy stress value of the 10
th
 
cycle of preconditioning was compared to the max Cauchy stress of the 1
st
 cycle of preconditioning. The 
fatigue ratio was calculated as follows: 
               
             
            
 
Where ‘             ’ is the max Cauchy stress from preconditioning cycle 10 and ‘            ’ is the 
max Cauchy stress from preconditioning cycle 1. The fatigue ratio results can be found in Table 1 and Fig 
A3 D (supplementary file).   
2.2.5. Statistical Analysis 
Data are represented as a mean ± standard error about the mean. The normality of all variables was 
examined using Shapiro-Wilk tests. A one-way analysis of variance (ANOVA) test was used to compare 
the averaged mechanical properties of the different groups. The averaged regional thicknesses, the 
averaged fatigue properties and the averaged Yeoh parameters were found to have not normal 
distributions and so the Kruskal-Wallis test was used to compare the different groups. A p-value (alpha 
value) < 0.05 was considered statistically significant.  
2.3. Protein Analysis 
2.3.1. Protein extraction 
The extraction method used was adapted from Schwartz (1998), with tissue specific modifications to 
compensate for high collagen content [48]. In brief, 50 mg of tissue samples were homogenised by liquid 
nitrogen grinding in a pestle and mortar. Chloroform/methanol extraction was used to remove salts by 
  
resuspending the tissue in 150 µL PBS, 600 µL methanol, 450 µL sterile deionised water and 150 µL 
chloroform. The sample was centrifuged at 12,000 x g for 5 min at 4 °C. The aqueous phase was removed 
without disrupting the protein precipitate and resuspended in 450 µL of methanol. The sample was 
centrifuged, the supernatant removed and the pellet air dried to evaporate residual chloroform/methanol. 
Collagen I, collagen III and fibronectin, were isolated by sequential extraction for 24 h at 4 °C per buffer 
(50 µL of buffer per 10 mg of tissue) using: (a) 1 M NaCl/0.05 M Tris (pH 7.5) with 1x Protease Inhibitor 
(PI) (Roche 11836153001), (b) 0.5 N Acetic Acid with 1x PI, and (c) 4.0 M Guanidine HCl/ 0.05 M Tris 
(pH 7.5) with 1x PI. Following each extraction the sample was centrifuged at 12,000 x g for 30 min at 4 
°C and the supernatant was removed. Following guanidine extraction, the supernatant was recovered and 
the protein precipitated using an equal volume of 10% trichloroacetic acid on ice before centrifugation at 
14,000 x g for 20 min 4 °C. Lastly, the protein pellet was resuspended in a volume of 1x PBS with 1x PI 
equal to the starting volume.  
Elastin was isolated by sequential extraction for 24 h at 4°C per buffer (50 µL of buffer per 10 mg of 
tissue) using: (a) 1 M NaCl/0.05 M Tris (pH 7.5) with 1x PI, (b) 0.5 N Acetic Acid with 1x PI, and (c) 9.5 
M Urea/0.1 M β-Mercaptoethanol/0.005 M Tris with 1x PI. Following each extraction the sample was 
centrifuged at 12,000 x g for 30 min at 4 °C and the supernatant was removed. Following the urea 
extraction, the supernatant containing the protein was collected.  
The protein content in each sample was quantified using a bicinchoninic acid (BCA) Assay (Fisher 
Scientific 23225 for collagen I, collagen III and fibronectin; Fisher Scientific 23250 for elastin). The 
samples were diluted in 1x PBS such that the final protein concentration of all the samples were equal. 
2.3.2. Immunoblot 
LDS sample buffer (4x concentration, Sigma Aldrich PCG3009) containing 5% β-mercaptoethanol was 
added to all samples to a final concentration of 1x LDS sample buffer. Samples were not heated to 95 °C 
as this led to sample aggregation. 25 µL of each sample were loaded on 4-12% Bis-Tirs gels (Thermo 
Fisher Scientific NW04125BOX). The gels were run using 1x MOPS running buffer (Thermo Fisher 
Scientific B0001) at constant voltage of 120 V for 10 min followed by 180 V for 50 min. 
  
The gels containing collagen I, collagen III, and fibronectin were transferred to nitrocellulose membranes 
at constant voltage of 100 V for 2 h at 4 °C using pre-cooled transfer buffer (14.4 g glycine, 3.03 g Tris, 
100 mL Methanol and 0.5 mL SDS in 1 L of deionised water). Elastin gels were transferred using the 
Trans-blot Turbo (Bio Rad 1704270) at a constant voltage of 25 V (current limit of 2.5 mA) for 7 min at 
room temperature. 
Membranes were blocked for 1 h at room temperature in 5% skim milk in 0.1% TBS-T (2.423 g Tris, 
5.844 g NaCl, 1 mL Tween 20 in 1 L deionised water). The membranes were incubated at 4 °C with the 
appropriate primary antibody overnight (Anti-collagen I, Santa Cruz SC-166572, 1:1000; Anti-collagen 
III, Sigma Aldrich MAB1330, 1:500; Anti-fibronectin, Santa Cruz SC-8422, 1:500; Elastin; Santa Cruz 
SC-58756, 1:1000) followed by a 1 h incubation at room temperature with IRDye 800CW conjugated 
goat anti-mouse secondary antibody (LI-COR 926-32210, 1:10,000). Membranes were then imaged using 
the LI-COR Odyssey Imaging System at 800 nm.  All biological samples were tested in duplicate.  
2.3.3. Statistical analysis 
Blots were analysed using LI-COR Image Studio Software. The fluorescence intensity of each band was 
measured using the software and adjusted for blot auto-fluorescence using the median background 
intensity around each band. Inter-blot and inter-biological variance was accounted for by first normalising 
the intensity of each band against the occipital sinus, within the blot. For each biological replicate, the 
mean of the duplicates for each region was then calculated. Mean and standard error for each region were 
calculated using Prism software. Variance between the regions was analysed using multiple ANOVA tests 
using the Fisher’s LDS test at a confidence interval of 95%. Samples that had a p-value < 0.05 were 
considered to have a statistically significant difference in protein content.   
3. Results 
3.1. Mechanical characterisation 
To investigate anisotropic properties of the DM, the tissue was examined under uniaxial tensile loading. 
The generated Cauchy stress versus stretch curves for the ML (Fig. 1 (A)) and RC (Fig. 1 (B)) directions 
  
were compared. The nonlinear, J-curve behaviour of the tissue is evident in both directions, as is the inter-
biological variance. However, no significant bulk anisotropic behaviour can be noted graphically. 
 
In an effort to further investigate the data for evidence of potential anisotropic behaviour, the Estiff of the 
bulk DM in the ML and RC directions were calculated using the Cauchy stress-strain graphs. Again, no 
significant bulk anisotropy could be detected (Fig. 2 (A)). However, there did appear to be some 
difference Estiff values between the tested directions. Therefore, we hypothesised that anisotropy may be 
localised to the different regions. Thus, we decided to analyse the ML and RC Estiff values by region. 
When the Estiff values were regionally analysed in the ML and RC directions, it was clear that the tissue 
displayed some regional anisotropy (Fig. 2 (B)). In particular, the Estiff values of the RC direction of 
sagittal sinus was significantly higher than all other Estiff values. Significantly, the Estiff values of the 
sagittal sinus RC direction was higher than the ML direction, indicating local anisotropy. Anisotropy was 
also observed in the parietal region, where the RC direction was again significantly stiffer than the ML 
direction. In addition to the identified anisotropy, Estiff also differed significantly between regions. Hence, 
we elected to analyse the regional Estiff values, independent of direction. 
The overall regional Estiff values were calculated to detect significant region specific mechanical 
properties. The Estiff of the sagittal sinus was significantly different from all other regions of testing (Fig. 2 
(C)). Although the other regions did show differences in Estiff, these differences were not statistically 
significant. This is potentially due to large inter-biological variance.  
The averaged Yeoh parameters are presented in Table 1 and are plotted in (Fig. A3) of the supplementary 
file. Statistical analysis of the Yeoh parameters revealed that only the C20 parameter showed statistically 
significant regional differences, with the C20 parameter of the sagittal sinus in the RC direction being 
significantly larger than the C20 parameter of the temporal region in the ML direction. The lack of further 
statistical significance in the Yeoh parameters is likely a result of the large inter- and intra-specimen 
variance. The DM thickness results are presented in (Fig. 2 (D)). The temporal region had a statistically 
significantly higher thickness than the frontal and occipital regions. The large sample variation was a 
result of large inter-and-intra specimen variance, which has been observed previously in human DM [28].   
  
The fatigue ratios, by region and direction, are presented in Table 1 and Fig. A3 of the supplementary file. 
The tissue did not appear to display bulk direction-dependent fatigue. However, more in-depth 
investigation into fatigue properties may be critical to understand the effects of repeated TBI. Mechanical 
properties, such as those identified here, are a function of structural and biochemical elements. Therefore, 
the interesting region-specific mechanical properties observed are likely to be the result of varying 
structural and/or biochemical properties across different regions of the DM.  
3.2. Biochemical characterisation 
Differences in the protein content of the ECM might also contribute to the regional mechanical variations. 
To examine this, immunoblot analysis was carried out to compare ECM proteins levels by region. 
Collagen I content was found to vary across different regions of the DM (Fig. 3 (A)) with significantly 
higher levels in the parietal segment of the sagittal sinus and the frontal region (Fig. 3 (B)). Conversely, 
collagen III levels did not vary significantly (Fig. 3 (C) and (D)). Elastin content was lowest in the frontal 
region while the fontal segment of the sagittal sinus had higher levels of elastin (Fig. 3 (E) and (F)). 
Additionally, fibronectin content in the occipital region was significantly lower than other regions (Fig. 3 
(G) and (H)). These regional variations in biochemical properties may have important implications for the 
ability of different regions to respond to and recover from TBI impacts and forces experienced in TBI. 
Together, these mechanical and biochemical properties show the significant regional variations within the 
porcine cortical DM. A summary of the identified regional biochemical and mechanical variations is 
depicted in Fig. 4. Fig. 4 (A), (B) and (C) depict the differences in collagen I, elastin and fibronectin 
content, respectively. Fig. 4 (D) illustrates the directional Estiff results by region.  
4. Discussion 
4.1. Regional anisotropic properties of the porcine DM  
The meninges are a pivotal tissue in the physiology and pathophysiology of the CNS. Accurate tissue 
characterisation of the meninges is essential in a number of applications, including the computational 
modelling of head impacts through FE analysis and the development of dural replacement materials. 
  
Hence, this study addresses the lack of regional mechanical and biochemical data of the DM for improved 
clinical and computational modelling of the tissue.   
Previously, the meninges have been identified as a bulk homogenous, isotropic structure [28, 30]. In this 
study, bulk mechanical isotropy of the porcine DM was investigated. Our results are in accordance with 
previous studies, with the bulk tissue exhibiting isotropic behaviour (Fig. 1 and Fig. 2 (A)) [25, 28, 30]. 
However, some insignificant bulk anisotropic behaviour was identified, believed to be the result of 
previously identified local anisotropy [22]. Thus, this study investigated potential local DM anisotropy by 
examining regional mechanical and biochemical properties. 
Locally-targeted mechanical testing identified regional anisotropic behaviour, particularly in the sagittal 
sinus and parietal regions (Fig. 2 (B)). It was thought that this local anisotropic behaviour is likely the 
result of previously identified local structural alignment of DM collagen fibres [30]. A combination of 
small angle light scattering (SALS), structural symmetry and uniaxial tensile testing has shown that DM 
tissue is stronger and stiffer in samples tested parallel rather than perpendicular to local fibre orientation 
[22], resulting in local anisotropic behaviour. 
In addition to the anisotropic behaviour noted, significant differences in regional mechanical stiffness, 
independent of directionality, were also observed (Fig. 2 (C)).  This study found that the sagittal sinus 
was significantly stiffer than the surrounding DM regions, with a mean Estiff of 26.87 MPa in the RC 
direction. This value is in agreement with the Estiff of porcine cerebral bridging veins [35]. Research on 
the sagittal sinus in the context of TBI has primarily focused on its role in vein rupture and acute subdural 
hematoma [35, 49]. However, the role of the sagittal sinus in influencing stress and strain distribution 
during head impacts has been overlooked to date.  
Recently, FE analysis has been widely incorporated in the analysis of head impact biomechanics to 
elucidate the neuroprotective role of the DM in concussive impacts [19, 21] and to improve preventative 
measures against TBI [17]. In the context of blast-induced TBI, it has been shown that the lack of well-
established material models of the meningeal layers has a significant influence on the experimental 
outcomes of FE analysis [21]. Thus, it is imperative that accurate constitutive data of the DM, which is 
  
provided in Table 1, is utilised when attempting to understand the protective role of the meninges in TBI. 
Previously, an FE study on the role of the falx and tentorium in brain impact biomechanics outlined the 
potential propensity of these structures to induce large, harmful strains, on the surrounding brain tissue 
[50]. However, the large mechanical stiffness of the sagittal sinus was not accounted for [50]. Given the 
anatomical connection between the falx and sagittal sinus, the mechanical stiffness of the dural sinus 
identified here may be influential in the distribution of strains in FE models of head impacts and influence 
the associated design of protective equipment. The potential strain distribution by the sagittal sinus may 
be a result of complex ECM structural interaction in this region [29].   
4.2. Biochemical basis of DM mechanical strength 
Significant regional biochemical variations exist in the porcine DM (Fig. 3 and Fig. 4). These ECM 
variations may have important implications for dural replacement materials. Complex interactions 
between ECM components in different regions may also contribute to the observed anisotropy and the 
slight variations in Estiff observed. It has been previously shown that collagen, the most abundant protein 
and primary structural component of the ECM, provides strength to the tissue [29, 51, 52]. Collagens I 
and III are fibril forming collagens [52] and are the most abundant collagens found in the meninges [53-
56]. Although, no regional differences in collagen III were found (Fig. 3 (C) and (D)), the high collagen I 
content of the frontal region and the sagittal sinus may have contributed to the higher stiffness seen in 
these regions (Fig. 2 (C)).  
Accompanying collagen-mediated strength, elastin fibrils provide tissues with the ability to recover 
following repeated stretching [29, 51, 52]. Here we show the temporal region was found have relatively 
high levels of elastin, while the frontal region had the lowest levels (Fig. 3 (E) and (F)). These regions 
were found to have relatively low and relatively high Estiff results, respectively (Fig. 2 (C)). The higher 
elastin content allows the tissue to experience greater strain in response to stress, reducing Estiff. However, 
although elastin fibrils interact with collagen fibrils [29, 51], overly tight association of the elastin and 
collagen fibrils critically limits elastic stretch [29]. The occipital region was found to have lower collagen 
I and higher elastin levels than the frontal region, despite similar Estiff results. Interestingly, it may be that 
  
the occipital region experiences increased collagen I and elastin association, contributing to reduced 
elasticity and a higher stiffness than would be expected based solely on the collagen I and elastin content.  
Finally, in addition to functions of collagen and elastin in the ECM, fibronectin is a protein that 
participates in its organisation [29, 52] and fibril assembly [52, 57]. Remarkably, the occipital region was 
found to have the lowest fibronectin levels (Fig. 3 (H)). Accordingly, it is reasonable to hypothesize that 
this region may be less organised, resulting in critically tight association of collagen and elastin fibrils, 
thereby increasing stiffness. Conversely, it was noted that the temporal region had significantly higher 
fibronectin levels. It could be inferred that the high fibronectin content here contributed to improved 
organisation, preventing critical association of the elastin and collagen fibrils. Hence, elastic stretch is not 
limited in this region [29, 48]. Clearly these ECM components form an intricate network whereby 
individual components and complexes confer distinct biomechanical properties. Collagen is the most 
abundant and commonly studied ECM component; however, collagen alone cannot account for complex 
tissue biomechanics. Thus, more in-depth studies of ECM component interactions and corresponding 
biomechanics, as well as layer-specific analysis, should be considered in future investigations.  
Previously, SEM analysis identified five distinct layers of the DM whereby a single common direction of 
collagen alignment existed in layers such as the bone surface layer [58]. Meanwhile, the arachnoid layer 
displayed seemingly random alignment [58]. SALS analysis by Himennez et al identified regions of 
highly aligned collagen fibres, resulting in regions of mechanical anisotropy [30]. The complex nature of 
the DM signifies the importance of layer-specific structural and biomechanical characterisation. 
4.3. Repetitive loading behaviour of DM tissue  
Unfortunately, due to the prevalence of TBI in mainstream sports recurrent TBI is high. This repetitive 
injury can cause permanent damage to the brain if the tissue is not given sufficient time to recover [9]. 
Such tissue damage in the meninges could result in an alteration of the biomechanical and biochemical 
properties and affect the ability of the meninges to protect the brain. To evaluate the effect of repetitive 
loading, 10 preconditioning cycles, to a stretch of 1.05, were used to measure fatigue behaviour (Table 1 
and Fig. A3 of the supplementary file). The ML direction of the sagittal sinus tissue displayed a 
  
statistically significantly lower fatigue ratio than the RC direction, which may have implications for 
repeated TBI.  
A previous study on the mechanical properties of parasagittal bridging veins identified the relevance of 
cortical tissue’s cyclic-loading-mediated fatigue behaviour [35]. Repeated concussions, particularly when 
they take place without allowing time for healing between impacts, are associated with permanent 
cognitive impairment [4, 9]. Meningeal injury is present in 50% of patients who have suffered from mTBI 
[59]. Research on the repair capabilities of the meninges following repetitive TBI found that re-injury 
during the inflammatory phase impedes meningeal angiogenesis and enhances inflammation [60] which 
has a potentially negative impact on TBI recovery [61]. Thus, the behaviour of the meninges, the brain’s 
protective membrane [19], in response to repeated mechanical insults, warrants further investigation.  
4.4. DM regional thickness 
It has previously been shown that tissue thickness is of significance when conducting head impact 
simulations [62]. The porcine DM thickness results are displayed in (Fig. 2 (D)). Regional analysis of the 
porcine DM thickness revealed that regional differences do exist. Particularly, the temporal region had a 
significantly higher thickness than the frontal and occipital regions. This may have implications for head 
impact simulations as there are clear regional variations in thickness throughout the porcine DM tissue. 
Thickness has been studied previously in human DM tissue [28], however, the samples were only 
acquired from the lateral edges of the excised DM tissue and therefore the parietal region was not tested. 
Thus, further DM regional thickness analysis is warranted to ensure FE model biofidelity. 
4.5. Limitations and Future Work 
The tissue used in this study was acquired from adolescent porcine models. It has been shown that the 
mechanical properties of DM tissue are age-dependant [63]. Although it is not known what effect age has 
on the morphology of the meningeal ECM, it is possible that the biochemical content and organisation of 
this tissue may also change with age. Thus, care should be taken when applying this work to applications 
with different age demographics.  
  
The mechanical characterisation carried out in this study was conducted at a relatively low strain rate of 
1% of the gauge length per second. A study on spinal dura mater found no significant strain rate-
dependency of the tissue [64]. Future work could investigate the strain-rate dependency of DM tissue and 
the tissue’s viscoelastic properties within the context of TBI.  
The sagittal sinus was tested in its native tubular anatomy to replicate its morphology in vivo. Future 
work could focus on alternative mechanical testing methods of this structure such as the use of uniaxial 
ring testing.  
Future work will consider further mechanical characterisation of the DM tissue, incorporating 
nanoindentation of the meningeal layers. Nanoindentation has been advocated as an experimental 
technique that can overcome the limitations of macroscale characterisations [65]. Further structural and 
biochemical characterisation will utilise immunofluorescence imaging to analyse the distribution and 
alignment of ECM proteins in the meningeal membrane. 
5. Conclusion 
This study is the first to mechanically and biochemically characterise the DM by region to determine if 
differences in tissue biochemistry can aid our understanding of differences in mechanical properties. 
Understanding regional mechanical characteristics is of key importance in the ongoing effort to 
thoroughly characterise cranial tissue to better understand the pathophysiological implications of TBI. 
This study found that the DM is not a homogeneously stiff tissue, as has been previously reported. The 
sagittal sinus was found to be significantly stiffer than all other regions of the DM with significantly 
higher collagen I compared to the other DM regions. This region may have an important protective role in 
head impacts. Further, the DM tissue of the sagittal sinus and parietal regions displayed significant 
anisotropy. Thus, more in-depth investigations into the distribution and alignment of ECM proteins within 
the different regions of the DM may provide crucial information regarding the basis for the observed 
regional anisotropy and the implications in the field of TBI. Amongst these are the applications in TBI 
prevention, diagnosis, and prognosis. Moreover, constitutive modelling using the Yeoh strain energy 
  
function successfully captured the nonlinear nature of the DM’s mechanical behaviour for incorporation 
of our results into FE models of TBI. Such models can advance the development of better protective 
equipment for mainstream sports and aid the prediction of clinical outcomes following TBI. Further, the 
data could be used in the design of dural substitutes that mimic the mechanical and biochemical properties 
of the affected region and increase tissue compatibility. Together this regional mechanical and 
biochemical characterisation of the DM can improve clinical and computational modelling of this critical 
protective membrane. 
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Tables 
Table 1: Averaged coefficients of the Yeoh strain energy function, fatigue ratios, Estiff values and 
thickness results. The Yeoh parameters were calculated using the lsqcurvefit function in Matlab. The 
fatigue ratio is a ratio of the max Cauchy stress values of the 10th preconditioning cycle and the 1st 
preconditioning cycle. An elastic modulus, Estiff was calculated on the high stretch, linear region of the 
Cauchy stress-stretch curves based on a linear fit (R
2
 > 0.98). The thickness values were calculated using 
an ImageJ plugin, BoneJ, based on the pre-test CSA images. (Brackets represent standard error of the 
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Fig. 1. Plots of Cauchy stress versus stretch curves of the DM; each graph depicts a single tested sample, 
per direction, per region in (A) the medio-lateral direction and (B) the rostral-caudal direction. 
Fig. 2. (A) Mean Estiff results for each direction of testing of the bulk DM excluding the sagittal sinus. (B) 
Mean Estiff results for RC and ML directions for each region (ML = medio-lateral, RC = rostral-caudal, SS 
= sagittal sinus, O = occipital, F = frontal, P = parietal, T = temporal). (C) Mean Estiff results for each 
region. (D) Mean thickness results for the four regions associated with the lateral lobes of the cerebrum. 
*Statistical significance (P < 0.05), error bars represent standard error about the mean.  
Fig. 3. Immonublot analysis of DM protein content by region. (A) Representative immunoblot for 
collagen I. (B) Mean regional collagen I content. (C) Representative immunoblot for collagen III. (D) 
Mean regional collagen III content. (E) Representative immunoblot for elastin. (F) Mean regional elastin 
content. (G) Representative immunoblot for fibronectin. (H) Mean fibronectin content for each region. All 
mean protein content values have been normalised against the occipital sinus. Error bars represent 
standard error about the mean. Regions with statistically significant differences in protein content have 
been identified with an * or **. P=pig, L=ladder, OS=occipital sinus, SSP=sagittal sinus in the parietal 
region, SSF=sagittal sinus in the frontal region, O=occipital, F=frontal, P=parietal, T=temporal. 
Fig. 4. Regional DM variations of biochemical and mechanical properties. (A) Collagen I content. (B) 
Fibronectin content. (C) Elastin content. (D) Elastic modulus; arrows parallel to the sagittal sinus 


















Statement of Significance 
This study addresses the lack of mechanical analysis of the cortical meninges, particularly the dura mater 
(DM), with accompanying biochemical analysis. To mechanically characterise the stiffness of the DM by 
region, uniaxial tensile testing was carried out on the DM tissue adjacent to the frontal, parietal, temporal 
and occipital lobes along with the DM tissue associated with the superior sagittal sinus. To the best of the 
authors’ knowledge, the work presented here identifies, for the first time, the heterogeneous nature of the 
DM’s mechanical stiffness and protein content by region. In particular, this study identifies the significant 
difference in the stiffness of the DM tissue associated with the superior sagittal sinus when compared to 
the other DM regions. Constitutive modelling was carried out on the regional mechanical testing data for 
implementation in Finite Element models with improved biofidelity. This work also presents the first 
biochemical analysis of the collagen I and III, elastin, and fibronectin content within DM tissue by region, 
providing useful insights into the accompanying macro-scale biomechanical data.  
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